Xrn1p of Saccharomyces cerevisiae is a major cytoplasmic RNA turnover exonuclease which is evolutionarily conserved from yeasts to mammals. Deletion of the XRN1 gene causes pleiotropic phenotypes, which have been interpreted as indirect consequences of the RNA turnover defect. By sequence comparisons, we have identified three loosely defined, common 5-3 exonuclease motifs. The significance of motif II has been confirmed by mutant analysis with Xrn1p. The amino acid changes D206A and D208A abolish singly or in combination the exonuclease activity in vivo. These mutations show separation of function. They cause identical phenotypes to that of xrn1⌬ in vegetative cells but do not exhibit the severe meiotic arrest and the spore lethality phenotype typical for the deletion. In addition, xrn1-D208A does not cause the severe reduction in meiotic popout recombination in a double mutant with dmc1 as does xrn1⌬. Biochemical analysis of the DNA binding, exonuclease, and homologous pairing activity of purified mutant enzyme demonstrated the specific loss of exonuclease activity. However, the mutant enzyme is competent to promote in vitro assembly of tubulin into microtubules. These results define a separable and specific function of Xrn1p in meiosis which appears unrelated to its RNA turnover function in vegetative cells.
Many mature cellular RNA species arise by processing of precursors. In these maturation processes, unwanted RNA fragments are removed from pre-RNA molecules and degraded. The turnover of RNA, especially of mRNA, plays a crucial role in the regulation of gene expression (reviewed in references 12 and 68). Important insights into general mRNA turnover processes were reached for the yeast Saccharomyces cerevisiae, where deadenylation-dependent and -independent degradation pathways were identified (12) . Several enzymatic activities like decapping, endonuclease, poly(A) nuclease, and 3Ј-5Ј and 5Ј-3Ј exoribonuclease are required for these processes (17, 58, 59 ; reviewed in reference 12).
Xrn1p is the major cytoplasmic 5Ј-3Ј exoribonuclease involved in RNA turnover (12, 79) . Mutations in XRN1 are viable and result in defects in the turnover of pre-rRNA (25, 81) and mRNA (reviewed in reference 12). The majority of Xrn1p in vegetative and meiotic cells is located in the cytoplasm, consistent with the major role of this protein in cytoplasmic RNA turnover (28) . Besides the defects in RNA metabolism, xrn1 mutants exhibit pleiotropic phenotypes including slow growth, hypersensitivity to the microtubule-depolymerizing drug benomyl, loss of viability upon nitrogen starvation, meiotic arrest, reduced spore viability, defects in microtubule-related processes (for a review, see reference 26) , and meiotic recombination defects and synergistic interactions with meiotic recombination mutants (86) . Xrn1p is evolutionarily conserved, and homologs have been identified in Schizosaccharomyces pombe (84) and mammals (6) . The pleiotropic defects of xrn1 mutations and the diverse biochemical activities of the protein (see below) have led to the isolation of this gene in several independent approaches. Therefore, XRN1 (46, 79) is also known as SEP1 (43) , DST2 (Stp␤p) (18) , KEM1 (39) , RAR5 (41) , and SKI1 (35) .
The 5Ј-3Ј exonuclease activity of Xrn1p is capable of degrading a variety of substrates including RNA (79, 80) , single-stranded DNA (ssDNA), and double-stranded DNA (dsDNA) (34) . For DNA substrates, Xrn1p was found to have a preference for G4 tetraplex-containing DNAs, a structure that may form at telomeres (47) . Xrn1p has also been identified as a homologous pairing protein (Sep1 [43] ), a potentially important activity for homologous recombination. This and genetic data led Tishkoff et al. (86) to propose a role for Xrn1p in a meiotic recombination pathway independent of Rad51p and Dmc1p.
S. cerevisiae cells lacking Xrn1p show a number of phenotypes in cellular processes related to microtubule function such asincreasedsensitivitytothemicrotubule-destabilizingdrugbenomyl, increased chromosome loss, a karyogamy defect (hence the name KEM1, for karyogamy defect-enhancing mutation [39] ), impaired spindle pole body separation, and a defect in nuclear migration (32, 39) . Moreover, purified Xrn1p promoted the in vitro polymerization of porcine brain as well as S. cerevisiae tubulin into microtubules and bound to these microtubules in a cosedimentation assay. Genetic analysis of double mutants with mutations in XRN1 and tubulin genes (TUB1 and TUB2) also suggested interaction between Xrn1p and microtubules (32) . A possible association of Xrn1p with the microtubular cytoskeleton is supported by immunofluorescence data of the homologous protein in mammalian cells (6) .
We have identified three 5Ј-3Ј exonuclease motifs shared by a number of 5Ј-3Ј exonucleases including the Xrn1p family. By mutational analysis of two critical residues in motif II, we demonstrate the functional significance of the sequence alignments. Interestingly, the mutations in Xrn1p caused separation of function. All mitotic defects in such mutants were indistinguishable from the defects caused by a gene deletion. However, the separation-of-function alleles did not cause the severe meiotic phenotypes typical for the gene deletion. In vivo analysis of the mutants demonstrated a complete absence of exonuclease activity measured in rRNA and mRNA turnover assays. Biochemical analysis of a purified mutant Xrn1p demonstrated a severe reduction, if not a complete loss, of exonuclease activity. Nucleic acid binding and homologous pairing activity were indistinguishable from those of the wildtype enzyme. Moreover, the mutant was still able to promote in vitro assembly of microtubules. These data indicate that Xrn1p has two separable functions in S. cerevisiae, one in RNA turnover and a specific function in meiosis which is possibly related to its interaction with tubulin.
MATERIALS AND METHODS
S. cerevisiae strains and media. Standard media and methods for S. cerevisiae strains have been described previously (74) . All the strains used are listed in Table 1 and were grown in standard media unless otherwise indicated. Xrn1p mutations at amino acids 206 and 208 were introduced by site-directed mutagenesis (45) . Primer mut1 [5Ј-CATAATCAAA(T/G)CTGCG(T/G)CAAGACCG-3Ј] with two degenerated positions resulted in the xrn1-D206A mutation, while primer mut2 [5Ј-CATAATCAAAGCTGCG(T/G)CAAGACCG-3Ј] with one mutated and one degenerate site produced xrn1-D208A and xrn1-D206A,D208A. The mutations were verified by DNA sequencing of the relevant region and cloned into a CEN-ARS complementation vector (7) . Since all three mutants behaved identically in all assays, it is highly unlikely that unrelated mutations were introduced spuriously. Moreover, we used native T4 DNA polymerase, which has a very high fidelity, in the in vitro mutagenesis. The engineered SalI site just in front of the ATG was abolished by ligation to an XhoI site. As exact isogenic controls, the wild-type XRN1 gene was cloned in the same way to exclude any effects of the slight sequence change resulting from this step. The resulting isogenic strains are designated wt* for wild type or dmc1* for the dmc1 strain. The mutated variants as well as the wt* strains were introduced into the chromosome by genomic replacement of the xrn1⌬::URA3 allele. After selection on plates containing 5-fluoroorotic acid, the correct integrations were verified by Southern blot analysis. No systematic or reproducible difference between wildtype and wt* strains could be detected (data not shown).
Methods for in vivo characterization. For growth tests, overnight cultures were diluted to an optical density at 600 nm of 1.0. Then 2-l volumes of 10 0 , 10
Ϫ1
, 10
Ϫ2
, and 10 Ϫ3 serial dilutions containing approximately equal cell numbers for all strains were spotted on yeast extract-peptone-dextrose (YPD) plates with or without 15 g of benomyl (Carbendazim; NEN DuPont) per ml. Photographs were taken after 2 to 4 days of incubation depending on the temperature (25, 30, or 37°C) . The nitrogen starvation test was carried out exactly as described previously (39) . Briefly, cells from an overnight culture were diluted in medium lacking nitrogen to a concentration of 10 6 cells/ml and incubated at different temperatures (30 and 37°C). Aliquots were plated on YPD plates at various time points, and colonies were counted after the plates were incubated for 3 days at 30°C.
For meiotic analysis, diploid SK-1 strains were selected on SD-Lys-Leu plates and five independent colonies were stored at Ϫ70°C. After a selection step on YPG plates to avoid petite mutants, the strains were immediately sporulated by a method optimized for SK-1 (62) and asci were counted after 24 h. Spore viability was determined by tetrad analysis of asci after incubation of spore clones for 3 days at 30°C. Meiotic recombination analysis was performed exactly as described previously (86) .
Isolation of total RNA and separation of RNA on agarose gels were performed as described previously (4) . Poly(A) ϩ RNA was obtained by binding to Oligotex beads (Qiagen AG, Basel, Switzerland) as specified by the manufacturer.
Biochemical methods. The cellular levels of Xrn1p were determined by immunoblotting as described previously (28) . The mutated xrn1-D208A gene was cloned as a BamHI-HindIII fragment into the BamHI-HindIII-cut overexpression vector pRDK249 (34) . More than 95% pure Xrn1p and Xrn1-D208Ap were obtained by the standard purification method (34) as modified by Holler et al. (29) .
Exonuclease assays (30-l reaction volumes) were carried out as described previously (37, 79, 80) in buffer containing 13 mM MgCl 2 . The amount of substrate was 2 nmol in all experiments, while the amount of both enzymes was 286 fmol for T7 ssDNA, 28.6 pmol for T7 dsDNA, and 100 fmol for mouse ␤-actin ssRNA. For turnover number determinations, every experiment was also done with 1 nmol of substrate to show that saturating substrate concentrations were present. Binding of mouse ␤-actin ssRNA was determined by filter binding assays (20-l reaction volumes) with KOH-treated nitrocellulose filters as described previously (27) in buffer not containing Mg 2ϩ . Strand exchange assays were performed as described previously (34, 37) with phage M13. Resection of the dsDNA substrates linearized with SmaI at the 3Ј end was achieved by digestion with Escherichia coli exonuclease III, and resection of substrates linearized at the 5Ј end was achieved with T7 gene 6 exonuclease as described previously (34, 38) . The 30-l reaction mixtures contained 20 M for dsDNA, 10 M for ssDNA, and 13 mM Mg 2ϩ or Ca 2ϩ , as indicated. Reaction products were analyzed on TAE agarose gels as described previously (34) , and images of the ethidium bromide-stained gel were captured on a gel documentation system. Molar concentrations and amounts of nucleic acids refer to mononucleotides.
Purification of brain tubulin and microtubule assembly. Freshly excised porcine brains were obtained from a local slaughterhouse. Tubulin and microtubuleassociated proteins (MAPs) were purified as described previously (9) by two cycles of polymerization-depolymerization (71) followed by phosphocellulose chromatography (P11; Whatman) by the method of Sloboda and Rosenbaum (77) . In vitro microtubule assembly experiments were performed with purified brain tubulin in the presence of Xrn1p or Xrn1-D208Ap. The total reaction volume was 25 l, and the reaction mixtures were incubated at 37°C for 45 min. The final protein concentrations were 0.5 mg of tubulin per ml, 0.3 mg of Xrn1 protein per ml, and 0.3 or 0.5 mg of Xrn1-D208A protein per ml in buffer containing 50 mM morpholineethanesulfonic acid (MES; pH 6.4), 2 mM EGTA, 1 mM MgCl 2 , 1 mM GTP (all from Sigma), 10% glycerol, 50 g of DNase per ml, and 100 g of leupeptin per ml (all from Fluka). Experiments with Xrn1p and Xrn1-D208Ap were always carried out in parallel with the same solutions of purified tubulin and reagents. Control experiments consisted of purified tubulin (0.5 mg/ml) in the presence or absence of MAPs (0.3 mg/ml). Following assembly, the samples were placed on 200-mesh copper carbon-coated grids and stained with 0.5% uranyl acetate as described previously (54) . Electron micrographs were taken on a Philips EM410 electron microscope operated at 80 kV.
RESULTS

Xrn1p shares conserved sequence motifs with other 5-3 exonucleases. A sequence comparison of several Mg 2ϩ
-dependent 5Ј-3Ј exonucleases from bacteriophages, prokaryotes, and eukaryotes revealed some highly conserved amino acid residues ( Fig. 1) (30, 57, 66, 70) . In the crystal structure of phage T4 RNase H, these residues are clustered in the proposed active site. In particular, some conserved aspartic (D) and glutamic (E) acid residues coordinate two Mg 2ϩ ions in the reactive center of the exonuclease and are believed to play a crucial role in catalysis (57) . Besides the Fen1 protein (DNaseIV, MF-1) (23, 66, 87) and the Rad2p/Xpg (24) related proteins, the Xrn1p subfamily forms a new branch of 5Ј-3Ј exonucleases in eukaryotes. Xrn1p and the related proteins (Rat1p in S. cerevisiae, Exo2p and Dhp1p in S. pombe, mXrn1p and Dhm1p from mice [see the legend to Fig. 1 ]) share the highly conserved amino acids considered to be important for 5Ј-3Ј exonuclease activity (Fig. 1) . The crucial residues can be divided into three motifs (I to III in Fig. 1 ). Within the motifs, the spacing between highly similar amino acids and the occurrence of hydrophobic or hydrophilic residues are conserved. Outside the motifs, there is no recognizable similarity between the respective subfamilies. The existence of 5Ј-3Ј exonuclease motifs in Xrn1p suggests that the conserved amino acids might also play a role in the exonuclease function of this protein.
Residues in the conserved 5Ј-3Ј exonuclease motif II of Xrn1p were mutated by site-directed mutagenesis. This motif features two aspartic acid residues (D206 and D208 in Xrn1 [ Fig. 1 ]) that are separated by one amino acid (DXD motif). Both aspartic acids (D) were changed individually and together to the small neutral amino acid alanine (A) to avoid, as far as possible, effects of the mutations on the protein structure. Three mutations were obtained: two single-point mutations, xrn1-D206A and xrn1-D208A, and the double mutation, xrn1-D206A,D208A. After the chromosomal XRN1 gene was replaced with the specific XRN1 mutations and an identical wildtype construct, the resulting mutants and wild type were tested for the defects observed in xrn1⌬ cells. The cellular levels of all mutant proteins were very similar to the wild-type level as visualized in immunoblots of whole-cell extracts from the relevant strains (see Fig. 5A ).
Mutations in the exonuclease motifs abolish in vivo exonuclease activity. To ascertain that the introduced mutations in the DXD motif did indeed abolish the exonuclease activity of Xrn1p, two in vivo tests were performed. Cells lacking Xrn1p accumulate ITS1 (an internal transcribed spacer) fragment that results from the processing of pre-rRNA. This by-product of rRNA maturation can be visualized by Northern hybridization (25) . Whereas in wild-type cells no ITS1 fragment can be detected, in xrn1⌬ cells a prominent band of the expected length appeared (Fig. 2) . The same band was also present at identical intensity in the strains bearing point mutations in the DXD motif.
An accumulation of deadenylated transcripts in cells lacking Xrn1p has been reported (31) . As a second test for the exonuclease defect of strains carrying mutations in the DXD motif, the accumulation of deadenylated mRNAs was examined by Northern blot analysis of poly(A) ϩ and poly(A) Ϫ RNA with actin and MF␣1 sequences as probes. As shown in Fig. 3 , most of the actin and MF␣1 transcripts were polyadenylated in wild-type cells. Only 11 to 12% of the mRNAs were lacking a poly(A) tail. In contrast, in all xrn1 mutants, 59 to 87% of the transcripts were present in the deadenylated form. The effect in the strains mutated in the DXD motif was the same as if not stronger than in xrn1⌬ mutants. The results with wild-type and xrn1⌬ cells are consistent with previous results obtained by Hsu and Stevens (31) . From these data we conclude that cells with the mutations xrn1-D206A, xrn1-D208A, and xrn1-D206A, D208A exhibit no detectable in vivo exonuclease activity of Xrn1p in the two RNA turnover assays used.
Separation-of-function mutations in XRN1. Mutations in XRN1 cause slow growth and hypersensitivity to the microtubule-depolymerizing drug benomyl (32, 39) . To test the effect of the mutations in the DXD motif, a growth test on media with and without addition of benomyl was performed (Fig.  4A) . To investigate a possible influence of temperature, the plates were incubated at 25, 30, and 37°C. The xrn1 null mutant is known to exhibit a slow-growth phenotype (85) , which is visible in Fig. 4A on the plate lacking benomyl. All three xrn1 mutations showed a slow-growth phenotype identical to the xrn1⌬ control strain independent of the incubation temperature ( Fig. 4A and data not shown) . The benomyl hypersensitivity of the strains bearing mutations in the DXD motif was also as severe as in the deletion strain. Here a temperature effect could be observed, as expected because of the cold sensitivity of microtubules. At low temperatures (25°C), the addition of benomyl affected even the wild-type cells while the mutants hardly grew at all (Fig. 4A) . At the highest temperature (37°C), the wild-type strains grew normally and the mutated strains performed poorly. At 30°C, an intermediate behavior was observed (data not shown). The drop dilutions assays, as shown in Fig. 4A , are typically sensitive enough to detect even minor differences in sensitivities to drugs, and within the limits of this assay the XRN1 point mutants did not show any difference from the XRN1 deletion mutant.
Cells with a deletion of XRN1 lose viability upon prolonged incubation in medium lacking nitrogen. In contrast, wild-type cells arrest uniformly as unbudded cells and remain viable (39) . A nitrogen starvation test was carried out with cells carrying mutations in the DXD motif (Fig. 4B) . Strains bearing the xrn1-D206A and/or the xrn1-D208A mutations lost viability in a similar manner to the deletion strain (xrn1⌬). The effect was more pronounced at the high incubation temperature of 37°C. In a parallel experiment at 30°C, the phenotype of all mutant cells was less extreme (data not shown). In each case, the wild-type cells were still fully viable at the end of the experiment.
In all three tests for mitotic phenotypes (slow growth, hypersensitivity to benomyl, and N 2 starvation) the xrn1 point mutations had the same effect as a deletion of the XRN1 gene. There was no distinguishable difference between the three FIG. 1. Xrn1p shares sequence motifs with other Mg 2ϩ -dependent 5Ј-3Ј exonucleases. Amino acid residues that are similar (F), hydrophobic (E), and charged or polar (Ϯ) are marked. These residues are conserved in more than 75% of the proteins. Highly conserved amino acids that are clustered in the proposed active site of T4 RNase H are highlighted with asterisks (57) . Abbreviations: Sc, S. cerevisiae; Sp, S. pombe; Mm, Mus musculus; Hs, Homo sapiens; Ec, E. coli; Hi, Haemophilus influenzae; Taq, Thermus aquaticus; Tf, Thermus flavus; Ml, Mycobacterium leprae; Mt, Mycobacterium tuberculosis; Bc, Bacillus caldotenax; Spn, Streptococcus pneumoniae. The numbers refer to the first or last amino acid in the alignment. The three 5Ј-3Ј exonuclease motifs (I to III) are indicated. The references for sequences are MmXpg (75), SpRad13 (13), T3Exo (8), HiPol1 (20) , MlPol1 (21), SpnPol1 (52), EcSdab (11), ScXrn1p (39), SpExo2 (84), MmXrn1 (6), ScRat1 (2), SpDhp1 (82), MmDhm1 (76) . All others are found in reference 57. Note that exonuclease activity is not shown for all the proteins listed here. DXD motif mutants. The xrn1-D208A mutation was fully recessive when a heterozygous diploid strain was tested for slow growth, benomyl hypersensitivity, and loss of viability upon nitrogen starvation (data not shown).
Sporulation is severely defective in xrn1⌬ strains. Cells arrest after premeiotic DNA synthesis at pachytene, and only ϳ10% form asci (3, 86) . The viability of the resulting spores is reduced to ϳ50% (85). To examine the meiotic phenotypes of the DXD motif mutations, a set of isogenic SK-1 strains was constructed (Materials and Methods; Table 1 ). SK-1 strains are characterized by very efficient sporulation and high spore viability (36) . This strain background had been previously used in the characterization of the xrn1⌬ mutant (3, 85, 86) . The wild-type and xrn1⌬ strains sporulated as expected (79.4 and 7.8%, respectively [ Table 2 ]). The strains carrying the point mutations showed significantly improved sporulation (24.7 to 39.7%; Table 2 ) over the gene deletion.
For each strain, about 200 tetrads were dissected and the viability of the spores was examined (Table 2) . Again, the values for the wild type (96.8%) and the deletion strain (57.5%) were consistent with the previous report (85) . The strains with Ϫ RNA (15 g) were separated on a 1.2% denaturing formaldehyde agarose gel and transferred to a membrane. The hybridization probes were actin and MF␣1 (31) . Bands were quantified on a PhosphorImager, and the results were normalized to the amount of total RNA. Shown are images from the PhosporImager. the mutations in the DXD motif had significantly higher spore viability (84.3 to 88.4%) than the xrn1⌬ strain did.
In combination with a deletion in DMC1, which encodes a meiosis-specific RecA-like protein (10), xrn1⌬ causes a severe reduction in intrachromosomal popout recombination and convertants (86) . Using this meiotic recombination assay, we demonstrated that the xrn1-D208A dmc1 double mutant was significantly improved over the xrn1⌬ dmc1 double mutant in commitment to meiotic intrachromosomal recombination (Table 3). Commitment to meiotic intrachromosomal popout recombination was severely reduced in the double mutant with the gene deletion (17-fold compared to wild type at 24 h [ Table  3 ]), whereas with the point mutation the reduction was only minor (3-fold). For commitment to conversion, the effect of the double mutant containing the gene deletion was less extreme (3-fold at 7 h, and 5-fold at 24 h [ Table 3 ]), consistent with previous observations (86) . Also this reduction was less pronounced in the double mutant with xrn1-D208A (no reduction at 7 h, 3-fold reduction 24 h [ Table 3 ]).
These results suggest that the mutations xrn1-D206A, xrn1-D208A, and xrn1-D206A,D208A are separation-of-function alleles. The mitotic defects are indistinguishable from those in the deletion mutant, while the meiotic phenotypes are significantly less severe.
Purified Xrn1-D208Ap protein has no exonuclease activity in vitro. Xrn1p exhibits Mg 2ϩ -dependent 5Ј-3Ј exonuclease activity on RNA (79, 80) and DNA substrates (34) . To determine the in vitro activities of an Xrn1p with a mutation in the DXD motif, a mutant protein was purified. Since all three available mutants showed exactly the same behavior in all tests up to this point, only one, xrn1-D208A, was chosen for biochemical analysis. The preparations of wild-type Xrn1p and Xrn1-D208Ap contained more than 95% pure proteins (Fig.  5B) . Scanning of an overloaded gel did not identify any contaminating bands (data not shown).
Exonuclease activity was tested on three different substrates: ssRNA transcripts of the mouse ␤-actin gene and HaeIII-digested ssDNA and dsDNA from phage T7. The graphs in Fig.  6A to C represent data from time course nuclease experiments for the three substrates. The turnover numbers for Xrn1p were calculated from experiments done at two substrate concentrations and are 108 mol/mol/min for ssRNA, 15.7 mol/mol/min for ssDNA, and 0.10 mol/mol/min for dsDNA. The exoribonuclease activity of Xrn1p on ssRNA was very similar to that reported for a poly(A) substrate (79) . Xrn1p requires a 5Ј-phosphate-ending substrate (79) , and all substrates used here had a 5Ј-phosphate group. The intact structure of the substrates was also indicated by the robust activity of the wild-type Xrn1 protein on these substrates. Dephosphorylation of the ssRNA made this substrate refractory to degradation by wildtype Xrn1p (data not shown). Also, degradation of ssDNA was comparable to previously described values (34, 37). The turnover number for dsDNA was reported previously to be higher (34, 37) , which might be due to differences in the substrate preparation. The same low exonuclease activity on dsDNA was measured for another preparation of Xrn1p (data not shown). It should be noted that any partially single-stranded substrate will be degraded with at least a 150-fold-higher activity and therefore will yield an apparently enhanced activity on dsDNA.
Reaction mixtures containing Xrn1-D208Ap showed no detectable exonuclease activity compared to the background. These observations corresponded exactly to the expectations from the in vivo analysis. These results demonstrate that Xrn1-D208Ap has very low or undetectable exonuclease activity on the three standard substrates used. To ascertain that the absence of nuclease activity was not a result of impaired substrate binding by Xrn1-D208Ap we performed quantitative filter binding studies with the substrate used for Fig. 6C . The data b The viability of spores derived from the same strains was determined by dissecting a total of 204 tetrads. Means Ϯ standard deviations for the five independent strains are shown. a All strains carry his4-B::ADE2::his4-X on one homolog of chromosome III and his4-B on the other. They are isogenic derivatives of SK-1 strains: WDHY1450 (wt), WDHY1451 (wt*), WDHY1452 (dmc1), WDHY1543 (dmc1*), WDHY1454 (xrn1⌬), WDHY1455 (xrn1-D208A), WDHY1456 (dmc1 xrn1⌬), and WDHY1457 (dmc1 xrn1-D208A).
b Four independent diploids for each genotype were sporulated, and the means are given. The differences between the values discussed in the text are statistically significant, since their standard deviations do not overlap. Commitment to meiotic recombination levels was measured as described in the text, and each meiotic value represents the meiotic frequency minus the mitotic (0-h) frequency (86) . Numbers in parentheses indicate the frequency of recombination in the mutant as a percent of the wild-type frequency.
show that Xrn1-D208Ap binds this substrate as well as wildtype protein does (Fig. 6D) . This is consistent with the purification data for the mutant protein, which involves affinity chromatography on a ssDNA cellulose column. The elution profile of Xrn1-D208Ap from this column was identical to that of the wild-type protein (data not shown). Collectively, these data show that Xrn1-D208Ap is specifically deficient in the nuclease activity.
Xrn1-D208Ap is proficient for homologous pairing of resected DNA substrates. One of the initial discoveries of Xrn1p was in an in vitro homologous pairing assay involving linear dsDNA and circular ssDNA (43) . Based on these in vitro properties and on recombination defects found in the xrn1⌬ mutant, Xrn1p was proposed to play a direct role during homologous recombination (19, 85 ; reviewed in reference 44). The exonuclease activity of Xrn1p is essential for its activity in this in vitro assay, since the enzyme is inactive in the presence of Ca 2ϩ (34) (Fig. 7, top, lanes 1 to 5) . Ca 2ϩ does not serve as a cofactor for the Xrn1p exonuclease activity. If, however, the linear duplex is pretreated with an exonuclease resulting in 5Ј or 3Ј resected ends, Xrn1p is active in the presence of Ca 2ϩ , eliminating the need for the intrinsic exonuclease activity (34) (Fig. 7, middle and bottom, lanes 1 to 5) . Performing identical assays with Xrn1-D208A protein demonstrated that the in vitro homologous pairing activity was entirely absent on blunt-ended duplex DNA (Fig. 7, top, lanes 6 to 10) . This is in agreement with the data obtained with the wild-type protein by using Ca 2ϩ and confirmed the loss of exonuclease activity in the mutant enzyme. Xrn1-D208Ap was fully proficient in the homologous pairing assay when the linear duplex substrate had been pretreated with exonuclease, leaving either 5Ј or 3Ј resected ends (Fig. 7, middle and bottom, lanes 6 to 10) . Therefore, we conclude that the mutant enzyme is still proficient in this homologous pairing assay without any evidence for associated dsDNA exonuclease activity.
Microtubule assembly by Xrn1-D208Ap. Xrn1p promotes in vitro microtubule assembly from tubulin with high efficiency. The microtubules obtained from porcine brain or S. cerevisiae tubulin in the presence of Xrn1p were longer and more flexible and formed large bundles in comparison to microtubules obtained in the presence of porcine brain MAPs (32) . Since no significant difference between porcine brain and S. cerevisiae tubulins was noted in that study, we have restricted our analysis here to porcine brain tubulin, which is more easily prepared. This assay measures in a qualitative fashion whether a protein can induce the assembly of tubulin into microtubules (9, 32) . In the absence of Xrn1p or MAPs, no microtubules were formed under these experimental conditions and only amorphic tubulin aggregates were visible under the electron microscope (references 9 and 32 and data not shown).
To determine whether the xrn1-D208A mutation affects the ability of the protein to promote microtubule assembly, we have performed assembly assays with Xrn1-D208Ap in parallel with Xrn1p at the protein concentrations which proved optimal for Xrn1. As shown in Fig. 8A , B, E, and F, tubulin assembled into microtubules in the presence of Xrn1-D208Ap as in the presence of the wild-type protein. The microtubules, which appeared intact and with protofilaments readily visible (Fig.  8B) , showed the typical long, flexible morphology observed with Xrn1p ( Fig. 8C and D) . In the absence of Xrn1p or Xrn1-D206Ap no microtubules could be observed and only amorphic tubulin aggregates were visible (data not shown).
DISCUSSION
The Xrn1p subfamily constitutes a new branch of the 5-3 exonuclease family. The family of Mg 2ϩ -dependent 5Ј-3Ј exonucleases includes enzymes from bacteriophages, bacteria, yeast, and mammals. Regions of homology were described for enzymes with RNase H activity (30) , which coincided with conserved sites in the 5Ј-3Ј exonuclease domains of prokaryotic DNA polymerases and bacteriophage 5Ј-3Ј exonucleases (22) . Two families of eukaryotic 5Ј-3Ј exonucleases that also show structure-specific endonuclease activity have been identified (23): Fen1 (DNaseIV, MF-1) (23, 66, 87) and Rad2p/Xpg (24, 61) . The regions of significant homology in the 5Ј-3Ј exonucleases suggest structural and functional conservation (66) , and its predictive power to identify 5Ј-3Ј exonucleases from gene sequences has been pointed out (70) . The Xrn1p subfamily of 5Ј-3Ј exonucleases consists of the cytoplasmic Xrn1p and its nuclear counterpart Rat1p (6; reviewed in reference 78). Both enzymes are evolutionarily conserved from yeasts to mammals (6) and share the distinctive amino acid sequence features of the 5Ј-3Ј exonuclease family. They exhibit 5Ј-3Ј exonuclease activity as far as has been determined.
The sequence similarity between these 5Ј-3Ј exonucleases contrasts with their different functions. Differences in substrate preference are probably due to other regions of the proteins which contribute to the specific recognition of a variety of structures. Coupling of the exonuclease activity to other functions within the same protein (as in the prokaryotic DNA polymerases) or to other proteins through protein-protein interactions (as for Xrn1p that interacts with the microtubular cytoskeleton [see below]) can result in a wide variety of functions of these exonucleases in the cell.
The mutagenesis of the DXD motif of Xrn1p resulted in a protein with no detectable exoribonuclease activity in vivo ( Fig. 2 and 3 ) and no significant exonuclease activity in vitro ( Fig. 6 and 7 ). These observations show that the DXD motif is crucial for the exonuclease function of Xrn1p and underlines the relevance of the exonuclease motifs found in the sequence comparison (Fig. 1) . Seven acidic residues, corresponding to amino acids D35, D86, E176, E178, D206, D208, and D291 of Xrn1p, are conserved in all proteins (Fig. 1) . Mutational analysis showed the importance of some of the equivalent residues for the activity of HsFen1 (73), T4 RNase H (57), EcPol1 (88) , and MtPol1 (56) . According to the available structural data, these residues are all directly involved in coordinating two Mg 2ϩ ions in the active site of the enzymes. D206 and D208 of Xrn1p each appear to interact with a different Mg 2ϩ ions in the active site as shown from the position of the equivalent residues in the crystal structures of T4 RNase H (57), T5Exo (14) , and TaqPol1 (40) . If this extrapolation of the interaction of the two aspartic acids with different Mg 2ϩ ions is correct, this suggests that both ions are equally important for the exonuclease activity of Xrn1p.
Mutations in motif II abolish the RNA turnover function of Xrn1p in vivo in vegetative cells. Mutations in the XRN1 gene lead to pleiotropic phenotypes. A simple and therefore appealing explanation of these findings is that Xrn1p is involved in RNA turnover and that all xrn1 mutant phenotypes are a result of the disturbed mRNA and protein levels in the cell. However, the interaction of Xrn1p with microtubules (32) is not easily matched with a role in RNA turnover. We have speculated before that the two observations could be reconciled by proposing a role of Xrn1p in RNA transport and degradation along microtubules (discussed in reference 6). Mutations in Xrn1 that abolish specifically the exonuclease activity of the protein are ideally suited to examine the effect of disturbed RNA turnover without affecting other possible functions of the protein.
All defects in vegetative cells with point mutations in the DXD motif of Xrn1p were as severe as in a strain with a gene deletion. Based on the data of the microtubule assembly assay (Fig. 8) , the interaction with the microtubular cytoskeleton was not significantly affected by the mutation. Thus, the observed defects in the point mutant appear to be a consequence of the inability of the mutated proteins to degrade RNA. This indicates that the mitotic phenotypes observed in xrn1⌬ strains are likely to be indirect effects of the lack of exonuclease activity. It is interesting that cells with an Xrn1 protein that shows normal interactions with microtubules were still hypersensitive to the microtubule-destabilizing drug benomyl. This may suggest an indirect effect of the exonuclease defect on a structural component of the microtubular cytoskeleton (e.g., changed levels of tubulin). However, the benomyl-sensitivity associated with the mutant Xrn1 protein may also be a consequence of a slightly altered morphology of microtubules or a small quantitative effect in microtubule assembly that cannot be fully appreciated in the qualitative microtubule assembly assay.
Mutations in motif II cause separation of function. The xrn1⌬ mutant exhibits an almost quantitative pachytene arrest in meiotic prophase (3, 86) . In the few cells that do sporulate, an additional phenotype of reduced spore viability can be recognized (86) . The xrn1-D206A and xrn1-D208A point mutants exhibit significantly improved (three-to fivefold) sporulation in comparison to the isogenic xrn1⌬ cells. This level is still two-to threefold below the typical wild-type level (Table 2) . Similarly, the motif II mutations significantly improved the spore viability in comparison to the xrn1⌬ cells, so that it almost reached wild-type levels (see Table 2 ). The severe reduction of meiotic intrachromosomal popout recombination and to a lesser degree convertants found in the dmc1 xrn1⌬ double mutant (86) is greatly alleviated in the dmc1 xrn1-D208A strain (up to fivefold [ Table 3 ]). We interpret this data to mean that the xrn1-D206A and xrn1-D208A mutations cause separation of function, revealing a specific meiotic function of Xrn1p that is less affected in the point mutants. The separation of function between the vegetative and meiotic function in these mutants is not complete. This is typical for separation-of-function mutations and has been noted previously (1, 51, 53, 69) . A specific role of Xrn1p in meiosis is also indicated by the isolation of a dominant extragenic suppressor of the xrn1⌬ mutation which specifically suppresses the meiotic arrest phenotype and the spore inviability phenotype but none of the vegetative phenotypes (77a) .
What is the meiosis-specific role of Xrn1p? Several models may account for a possible meiosis-specific role of Xrn1p. A trivial explanation would be that the Xrn1-D208A mutant protein retained some residual exonuclease activity that becomes relevant under sporulation conditions. While we consider this possibility highly unlikely because there is no evidence in vivo or in vitro for such a residual activity, it cannot formally be ruled out. It has been shown previously that targeting Rat1p, a strictly nuclear 5Ј-3Ј exoribonuclease that is highly homologous to Xrn1p (2) , to the cytoplasm allowed the restoration of efficient sporulation (33) . This had been interpreted to mean that only the cytoplasmic exoribonuclease activity of Xrn1p was required for meiosis (33) . Unless the Xrn1-D208A mutant protein described here exhibits an exonuclease activity that has not been detected in two in vivo assays ( Fig. 2 and 3 ) and four in vitro assays ( Fig. 6 and 7 ) with single-stranded and doublestranded nucleic acid substrates, this interpretation is not consistent with the present data. We note that Rat1p and Xrn1p exhibit extensive sequence homology that extends well beyond the sequence similarities between the 5Ј-3Ј exonucleases shown in Fig. 1 . In particular, the regions from amino acids 621 to 730 in Rat1p and 528 to 637 in Xrn1p are highly homologous (49% identical and 62% similar) (2) , but this homology is not shared with other 5Ј-3Ј exonucleases that are not Xrn1p or Rat1p homologs (6) . Thus, the two proteins may share more than the 5Ј-3Ј exonuclease function, suggesting that the substitution of the Xrn1p function by cytoplasmic Rat1p may not be as specific to the exoribonuclease function as previously suggested.
A first possible model for a meiosis-specific function of Xrn1p with a direct role in homologous recombination has been proposed on the basis of the in vitro homologous pairing activity of Xrn1p and the meiotic recombination phenotypes of the XRN1 gene deletion (44, 86) . The original in vitro homologous pairing assay used was not entirely specific for recombination proteins (38) , but Xrn1p also catalyzes paranemic joints in a more specific pairing reaction (15) . The yeast protein localization data indicated a largely cytoplasmic localization (28) but left open the possibility of a direct role in the nucleus. Fractionation showed a modest amount of Xrn1p in the nuclear fraction in comparison to controls, while no evidence for a nuclear localization was obtained from in situ immunofluorescence studies in yeast (28) and mammals (6) . Targeting Xrn1p to the nucleus by addition of a nuclear localization signal resulted in complementation of a defect in the essential, nuclear Rat1p exonuclease, strongly suggesting that under normal conditions no Xrn1p is nuclear (33) . While the model for a direct role in recombination critically depends on some Xrn1p being localized in the nucleus, the second model (see below), suggesting that the interaction of Xrn1p with microtubules is the meiosis-specific function, is consistent with a cytoplasmic localization.
A second possible model proposes that the meiosis-specific function of Xrn1p is related to its interaction with the microtubular cytoskeleton, where it may act as a microtubule-nucleic acid interface (6) . Based on the phenotypes of the XRN1 mutant in vegetative cells and on the in vitro property of the Xrn1 protein in inducing tubulin to assemble to microtubules, it was suggested that Xrn1p may have a function in the microtubular cytoskeleton besides its role in RNA turnover and that the two roles may be related (32, 39) . Since the cytology in budding yeast did not provide detailed resolution of the cytoplasmic sublocalization of Xrn1p (28), a more detailed study with the mammalian homolog was undertaken (6) . In mammalian cells with well-developed cytoplasm, a significant fraction of Xrn1p was associated with the cytoplasmic microtubular cytoskeleton based on immunocolocalization experiments (6). This colocalization was abolished when the microtubules were disrupted by drugs or low temperatures, further corroborating the significance of the immunofluorescence results (6) . Although the sensitivity of xrn1 cells to the microtubule-destabilizing drug benomyl may be an indirect consequence of the RNA turnover defect, the cytological results in mammalian cells have significance for the situation in yeast, since the mammalian homolog was found to fully complement all phenotypes of the xrn1 deletion mutant including the meiotic defects (6). Further evidence for a possible role of Xrn1p in other processes than RNA turnover comes from a study with XRN1 point mutants that were exonuclease deficient (63) . Overexpression of exonuclease-deficient Xrn1 proteins exerted the same negative effect on vegetative growth as did overexpression of wild-type protein, leading the authors of that study to speculate that Xrn1p is involved in an as yet unidentified function (63) . The effect on meiosis of these mutants was not examined in that study (63) .
Based on the studies in vegetative yeast and mammalian cells, a possible model for the meiosis-specific role of Xrn1p lies in its interaction with the microtubular cytoskeleton. Several findings suggest the involvement of microtubules in chromosome metabolism during meiotic prophase (reviewed in references 49 and 90) . Chromosomal motions in meiotic prophase are inhibited by the microtubule inhibitor colchicine but not by a non-microtubule-binding derivative of colchicine (reviewed in references 49 and 90). In the fission yeast S. pombe, meiosis-specific functions of cytoplasmic microtubules in nuclear movement during meiotic prophase are particularly well documented (16, 83 ; reviewed in reference 42). Similar nuclear movements in meiotic prophase have been identified in budding yeast, and it is possible that cytoplasmic microtubules play a role in this as well (reviewed in reference 90). The meiotic prophase arrest of xrn1⌬ cells leads to structural aberrations in the synaptonemal complex (SC) (3) that are reminiscent of SC aberrations induced by microtubule drugs added during prophase (50) . Deletion of the XRN1 homolog in S. pombe also results in meiotic defects, similar to those of xrn1⌬ (84) , with a highly reduced spore yield (5% of wild type) and reduced spore viability (50 to 60%). Moreover, mutations in the kinesin-like motor protein Kar3 cause meiotic defects (5) that are reminiscent of those caused by an xrn1⌬ mutation in particular the SC phenotype (3). Both XRN1 (as KEM1) (39) and KAR3 (65) were genetically identified as karyogamy-defective mutants. Karyogamy is a process involving cytoplasmic microtubules (67) , and Kar3p colocalizes in the cytoplasm with microtubules and the spindle pole body (55, 64) . The localization of Kar3p during meiosis is not known. In addition, SPO15/ VPS1, a gene required for sporulation in budding yeast, has been identified as a dynamin-related GTPase that associates with microtubules in vitro (60, 89) . Thus, XRN1, SPO15, and KAR3 may be involved in microtubule-directed chromosome movement during meiotic prophase, but their exact role in meiosis remains to be elucidated (reviewed in reference 90). Such a role of Xrn1p in meiosis does not necessarily depend on nuclear localization, which is consistent with the finding that most if not all Xrn1p is cytoplasmic in yeast and mammalian cells (6, 28, 33) . The influence on meiotic processes might be indirect, for example by transporting important molecules to their proper sites of action. A more direct role is envisioned if Xrn1p acts as a connection between microtubules and DNA, possibly telomeres because of its specificity for G4 substrates that may form at telomeric sequences (47, 48) . Electron micrographs of meiotic prophase sections in lily show a physical connection of cytoplasmic microtubules to positions of the nuclear envelope to which chromatin (possibly telomeres) is attached (72; reviewed in reference 50). In summary, it appears that microtubule-mediated processes are important in meiotic prophase for chromosome synapsis with likely relevance to meiotic recombination (reviewed in references 49 and 90). We speculate that the meiosis-specific role of Xrn1 protein might be in this process, since the Xrn1-D208A mutant protein is largely proficient for meiosis and is still able to act as a microtubule assembly protein. 
